1. Introduction
===============

Effective disinfection systems, tools or reagents have been shown to play an important role in the practice of preventing spread of contagious pathogens (e.g., Server Acute Respiratory Syndrome-associated coronavirus). But the use of common disinfectants might result in many by-products with potential genotoxic and/or carcinogenic activity. In a recent study, the micronucleus test in root cells revealed genotoxicity in many samples of water disinfected with sodium hypochlorite, chlorine dioxide, or peracetic acid [@bib1]. In our practice in China, peracetic acid is the most commonly used disinfectant on solid surfaces in hospitals and public places. Because peracetic acid is a stronger oxidizing agent than chlorine or chlorine dioxide, it is much more hazardous for exposure to skin, eyes, the digestive system, or the respiratory system. Moreover, the substance is very toxic to aquatic organisms after environmental disposal without any previous treatment. Therefore, alternative disinfectants or disinfectant systems should be developed that are safer to the environment.

Photodynamic technologies (or photochemical methods) have been proven to be appealing methods for virus inactivation in blood banking applications. In these methods, methylene blue (MB) is the most widely used photosensitizing agent for photodynamic inactivation of viruses. MB (MW: 319.85), a member of the group of phenothiazine dyes, was shown to inactivate viruses in human plasma on exposure to light [@bib2], [@bib3]. Photodynamic treatment with MB, which has a high affinity for enveloped RNA viruses, can effectively inactivate various enveloped RNA viruses, including HIV, hepatitis B virus and hepatitis C virus in plasma, and probably also the non-enveloped parvovirus B19 [@bib4], [@bib5].

In the present study, we selected MB as the photosensitizing agent because it is used clinically and because of its known toxicological properties. We fabricated a narrow bandwidth light system consisting of a light-emitting diode (LED) matrix overlapping the maximum absorption wavelength of MB working solution used in this study. Dengue virus, an enveloped RNA virus, served as the model virus in these experiments. Upon photodynamic treatment of dengue virus with the MB/narrow bandwidth light system, we measured the photodynamic parameters of virus inactivation, and then determined the conditions for effective photodynamic inactivation of dengue virus added to pooled Vero cells.

2. Materials and methods
========================

2.1. Light systems with narrow bandwidth
----------------------------------------

Stock aqueous solution of MB (20 mg/ml) (Jichuan, Inc., Jiangshu, China) was diluted to 10.0 μg/ml in water. One milliliter of 10.0 μg/ml MB aqueous solution was used to measure its absorption spectrum with a UV-spectrophotometer. Light-emitting diodes (LEDs; mid-peak bandwidth 29 nm, peak 664 nm) with irradiation spectrum overlapping with the maximum absorbing wavelength of MB was used as a light source. The LED matrix was an in-house fabricated light box equipped with 15 × 19 (= 285) LEDs. The illumination intensity and light color were determined with an ST-80C radiant power meter (Photo & Electronic Factory, Beijing, China) and human eyes, respectively.

2.2. Virus inactivation with the MB/narrow bandwidth light system
-----------------------------------------------------------------

Dengue virus was selected as the model virus for evaluating efficiency of photodynamic inactivation with the MB/narrow bandwidth light system. Appropriate volumes of stock aqueous solution of MB was added to 1 ml of 2 × 10^6^ pfu/ml dengue virus suspensions in modified Eagle's minimum essential media (EMEM) (ATCC, USA) supplemented with 10% fetal bovine serum (FBS) to reach final concentrations of 0.1, 0.5, 1.0 or 2.0 μ g/ml of MB aqueous solution. The mixture of MB/virus system was illuminated from above with the narrow bandwidth light system for 5, 10, 15, 20 or 25 min at a distance of 0.5, 1.0, 1.5, 2.0, 2.5 or 3.0 m. After photodynamic inactivation, the virus suspensions were stored at −80 °C until used as described in the following sections.

2.3. Titration of virus by plaque-forming units
-----------------------------------------------

Vero cells were cultured in modified EMEM supplemented with 10% FBS, glutamine (0.5 mg/ml), penicillin (40 IU/ml) and streptomycin (0.04 mg/ml) at 37 °C in a humidified atmosphere of 5% CO~2~. On the day before infection, Vero cells were incubated in 24-well microtitre plates. On the day of infection, the supernatants of cultured infected cells were discarded and the cells were washed once with EMEM without FBS. Mixtures of MB/virus illuminated previously with the narrow bandwidth light system were inoculated into the wells of the microtitre plates containing Vero monolayer cells prepared previously. Every mixture corresponding to a different concentration of MB working solution was inoculated into 10 wells. Inoculums were incubated at 37 °C for 1 h with gentle shaking every 10--15 min to allow adsorption of virus by Vero cells. After 10-min intervals during the adsorption, 1.5 ml of EMEM supplemented with 1% methylcellulose were added to the inoculums, which were then incubated at 37 °C, 5% CO~2~ for 6--8 days. The plaques were counted after staining with crystal violet. The titration of dengue virus was assessed with plaque-forming units, and the inactivation effects on dengue virus of different concentrations of MB solution were evaluated based on the killing log value (KLV). KLV was defined as lg  *N* ~0~  − lg  *N* ~*x*~, where *N* ~0~ is the initial virus titration (1 × 10^7^ pfu) and *N* ~*x*~ is the average titration (pfu) for each concentration of MB working solution which has been added to 10 wells [@bib6]. Three controls were set up. A mixture of MB/virus suspension without illumination served as positive control A, illuminated virus suspension without MB served as positive control B, and dilution solution (i.e., modified EMEM supplemented with 2% FBS) without any virus or MB suspension served as negative control.

3. Results
==========

3.1. Narrow bandwidth light system
----------------------------------

The absorption spectrum of MB was peaked at 664 nm. The LEDs were selected based on peak absorption wavelength of MB and then fabricated into an LED matrix. Emission from this narrow bandwidth light system significantly overlapped the MB absorption spectrum, reducing light penetration through the MB aqueous solution. On-axis (forward looking) illumination intensity of this narrow bandwidth light system was 5000 mlx at a distance of 2.0 m. The emitted color was red as observed by eye.

3.2. Dynamic parameters of photodynamic inactivation of dengue virus
--------------------------------------------------------------------

Efficiency of virus inactivation of different concentrations of MB working solution was more than 50% (KLV \> 3.15) at different illumination distances for illumination time \>5 min. The results indicate that most of the virus is inactivated in the first 5 min ([Fig. 1](#fig1){ref-type="fig"} ).Fig. 1Photodynamic inactivation of model virus with MB/narrow bandwidth light system Working concentrations of MB working solution in a, b, c and d were 0.1, 0.5, 1.0 and 2.0 μ g/ml respectively. In c and d, some of the distance with same inactivation efficiency was combined into one serial in order to give more clear results. The original log value of model virus (i.e., dengue virus) titre was 6.30 (i.e., lg 2 × 10^6^ pfu). Fifty percent (50%) of KLV was 3.15.

Results of dynamic parameters of inactivation showed that 0.1 μg/ml MB could not completely kill all virus in any illumination conditions ([Fig. 1](#fig1){ref-type="fig"}(a)), and 0.5 μg/ml MB could only completely kill virus at illumination distance equal to or less than 1.0 m when illumination time reached 25 min ([Fig. 1](#fig1){ref-type="fig"}(b)). However, when MB concentration was equal to or greater than 1.0 μg/ml, it could completely kill virus at illumination distance equal to or less than 2.5 m in 5 min ([Fig. 1](#fig1){ref-type="fig"}(c) and (d)). If the distance was as long as 3.0 m, only MB at the highest tested concentration (2.0 μg/ml) could completely kill viruses, and only when illumination time reached 20 min ([Fig. 1](#fig1){ref-type="fig"}(d)). However, lower concentrations (1.0 μg/ml) of MB could completely kill virus after an extended illumination time (25 min) ([Fig. 1](#fig1){ref-type="fig"}(c)). The results indicate that MB concentration, illumination time and distance are three key factors affecting efficiency of virus inactivation when the illumination intensity of the light source was held constant.

However, because illumination intensity at the target is decreased with distance from the source, our results also indicate that the illumination intensity is the fourth key factor affecting killing efficiency of virus inactivation. Moreover, the results also indicate that equivalent inactivation effects could be achieved at lower concentrations of MB and at shorter times and longer distances via increasing illumination intensity of the light source.

As a consequence, there were four key factors, which were MB concentration, illumination intensity of light source, illumination time and distance, for our photodynamic virus inactivation instrument. The effects of virus inactivation were increased with the increase of MB concentration, the enhancement of illumination intensity of the light source and the extension of illumination time, as well as the decrease of illumination distance.

4. Discussion
=============

Photodynamic antimicrobial agents based on the well-established phenothiazinium biological stain methylene blue offer a simple method for the inactivation of viruses (e.g., HIV, hepatitis C virus and hepatitis B virus) contained in donated blood and blood products or collections. This method has been widely used in the prevention of transfusion-transmitted diseases in the clinic. Moreover, because pathogens of bacterial, yeast and protozoal classes are also susceptible to phenothiaziniums, the MB/light system has also been used in photodynamic antimicrobial chemotherapy [@bib7]. Chemical and biological properties of MB have been thoroughly studied [@bib8], [@bib9]. The optical absorption of MB is optimum for the blood banking application, and it is currently being used clinically for photoinactivation of fresh frozen plasma in Europe [@bib8]. MB/light-treatment has proved to be the most suitable method of virus inactivation since it provides an acceptable compromise between viral safety and impaired materials (e.g., plasma) quality. MB can bind to and enter via the virus membrane, whereupon it intercalates with nucleic acids. Upon illumination, it then absorbs visible light energy and becomes activated with generation of highly reactive oxygen species (e.g., singlet oxygen). These disrupt the viral membrane and cause destruction of the nucleic acids, particularly at guanosine residues. The resulting nucleic acid modification can prevent viral replication and induce the inactivation of viruses through both Type I and II pathways [@bib7]. The MB then reverts, in the presence of oxygen, back to its original state.

In traditional photodynamic inactivation of virus, a white light source is commonly used. Because the absorption spectrum of MB solution is between 620 nm and 700 nm, it is light in this range that shows reaction activity with MB solution. Light of other wavelengths should not inactivate virus with MB molecules. Therefore, if a white light source is used, strong illumination intensity is required. However, a high concentration of MB (e.g., 1 μM) and a short distance (e.g., 20 cm) is used in blood banking applications [@bib4]. Because the emission of LEDs is almost monochromatic and can be characterized by a peak wavelength, light energy of an LED light source matching the peak wavelength of the MB photosensitizing agent can be transmitted to MB molecules in a high efficiency manner. Upon selecting LEDs matching the peak absorption of MB, lower illumination intensity was needed to inactivate virus at longer distance (e.g., present studies). Compared to a final concentration (i.e., 1 μM) which always works at 20 cm in previous photodynamic inactivation of enveloped RNA viruses in plasma, a much lower concentration of MB (1.0 μg/ml) can completely kill virus at 2.5 m in 5 min under our custom-designed narrow bandwidth light system. Thus a light source with narrow bandwidth matching the peak absorption of MB is an appealing technology for inactivation of enveloped RNA viruses. The results indicated that our MB/narrow bandwidth light system provides a powerful and easy way to inactivate enveloped virus in solution at a longer distance and in a shorter time than with traditional MB/light systems used in blood banking applications.

In our MB/narrow bandwidth light system, the four factors affecting inactivation efficiency of MB can be grouped into two types. Type I is the property of MB itself, i.e., its final working concentration. Type II is the feature of the narrow bandwidth light system, which includes the illumination intensity, time and distance. Increase of MB final concentration and/or illumination intensity enables the narrow bandwidth light system to kill or inactivate enveloped virus at much greater distance in much shorter time. The present studies indicate that the narrow bandwidth light system could be used as an appealing disinfectant tool for inactivation of enveloped virus in environments such as resting or working places where the surfaces were not shaded from the light source. In the European pharmacopoeia, MB is listed as a reagent suitable for external use [@bib10]. High dose of MB (i.e., 2.0 mg/kg) has also been studied in the treatment of human septic shock and no adverse effect was observed [@bib11]. Animal studies examining high-dose MB have also failed to demonstrate significant toxicity [@bib12]. Therefore, our MB/SW-light system can be used continuously for a long time without any harm to humans.

5. Conclusion
=============

MB working concentration and illumination intensity, time and distance are the four key factors affecting the inactivation efficiency of the MB/narrow bandwidth light system. Compared to current methods, this MB/narrow bandwidth light system might be a safer and more effective disinfectant tool for inactivation of enveloped RNA.

6. Abbreviations
================

MBmethylene blueEMEMEagle's minimum essential mediaFBSfetal bovine serumLEDslight-emitting diodesKLVkilling log value
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